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PREFACE. 

This volume is the outgrowth of an 
attempt to revise Number 64 of *'Van 
Nostrand's Science Series/' t. e., "Elec- 
tromagnets, the Determination ol the 
Elements of their Construction," by 
T. H. Du Moncel. It was found impos- 
sible to revise it without completely re- 
writing it, and it was deemed best to 
publish what follows as a new number 
in the "Science Series." 

No claim is made for originality, but it 
has been attempted to collect, in a. con- 
venient form, formulae and data which are 
essential to the design and construction 
of electromagnets for various purposes. 
Wo are indebted especially to the follow- 
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ing: S. P. Thompson, '' The Electromag- 
net ;" Du Bois, " The Magnetic Circuit in 
Theory and Practice;^' Jackson, '^ A Text 
Book on Electromagnetism.'^ Other 
sources of information have been indi- 
cated in the foot-notes. 
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ELECTROMAGNETS. 



CHAPTER I. 
Simple Electromagnets, 

1.— HISTORICAL. 

In 1820 Oersted discovered that the 
neighborhood of a conductor conveying 
an electric current possessed magnetic 
properties. When a magnetic needle is 
brought near the conductor it is deflected, 
this effect being due to the presence of 
magnetic lines of force about the con- 
ductor. 

In September of the same year, Arago 
described how he had communicated 
permanent magnetism to steel needles by 
laying them at right angles to a conductor 
conveying a current of electricity. Act- 
ing upon a suggestion of Ampere's, he 
greatly increased the magnetic effect by 
substituting a helix of wire for the straight 
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magnetic field and the magnetic proper- 
ties of iron has been largely contributed 
to by Ewing, Steinmetz,Ebert and others. 

2. MAGNETIC PROPERTIES. 

The region surrounding a conductor 
conveying an electric current possesses 
magnetic properties, as is manifest by its 
action upon magnetic substances, placed 
within it. A magnetic force exists in the 
region, and that region is called a mag- 
• netic field. The direction of the mag- 
netic force in a magnetic field is indicated 
by lines of force. 

Lines of force, having the form of con- 
centric circles with the conductor as a 
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center, surround a current conveying 
conductor and lie in a plane perpendicu- 
lar to the conductor. Direction is as- 



17 



by the core, depending upcn the direc- 
tion of the current in the coil. 

(b) Non-polarized^ namely, those in 
which the armature is of soft iron and 
the resultant action between the core and 
armature is always one of attraction. 

4. FORMS OF ELECTROMAGNETS. 

While there are many forms of electro- 
magnets they may be, for most purposes, 
classified as follows : 

1. Bar electromagnets. 

2. ' Horse-shoe electromagnets. 

3. Iron-clad electromagnets. 

4. Coil and plunger electromagnets. 

5. Special forms of electromagnets. 

Bar electromagnet. This is the 
simplest form of electromagnet and con- 
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BINDING 



Mg. 8. 

sists of a straight iron bar surrounded by 
H coil of insulated wire as shown in Fig 3. 
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form, may be collected on the two legs 
or cores, may be collected on one core, or 
may be collected on the yoke. AVTien the 
winding is collected on one core or leg, as 
shown in Fig. 5, it is known as a clui- 
foot electromagnet. 

Iron-clad electromagiiet. This form 
may be considered as a simple bar 
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Fig. 6. 

magnet having an iron shell outside of 
the coil and attached to the core at one 
end ; or it may be considered as a form of 
the club-foot magnet with one leg divid- 
ed and surrounding the coil, as shown in 
Fig. 6. 

The iron shell forms a mechanical and 
magnetic shield to the winding. The 
free end of the core presents one pole and 
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being generally abbreviated to M.M.F.,or 
simply M, and the latter being generally 
denoted by the letter H. 

If N represents the total number of 
spirals, or convolutions, in the winding 
surrounding the ring, and I the amperes 
flowing, the product NI is called the mim- 
her of ampere-turns. The relation which 
exists between ampere-turns and M is 

M = ^ NI = 1.257 NI. (1) 

If Hs the length (mean perimeter) of 
the ring in cms. 

M NI 

H = ^= 1.257^- (2) 

N 
If 71 = y, i. e., ?i is the number of con- 
volutions per centimeter length, 

II = 1.257 nl (3) 

= 1.257 times the ampere-turns per 
centimeter. 

If / is given in inches 
H = 0.405 times the ampere- turns i)er 
inch. 
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First F = l^s (4) 

that is, the total flux or induction equals 
the flux density multiplied by the cross- 
sectional area. 

Second. M = HZ. ^ (5) 

that is, the magneto-motive force equals 
the product of the magnetizing force 
and the length of the magnetic circuit. 

Tliird. B = /iH (6) 

that is, the magnetic induction equals 
the magnetizing force multiplied by a 
factor /i, which is called the permeabil- 
ity of the material. The permeability is 

/I is dependent upon the quality of the 
iron and the extent of the magnetization. 

A curve which shows graphically th^ 
relation between the induction B and the 
magnetizing force H is called a curve of 
magnetization^ and has the general shape 
shown in Fig. 8. 

The curve which shows the relation 
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between the permeability // and the in- 
duction B is called the permeability curves 




and has the general shape shown in 




Fig. 9. This curve may be constructed 
from the curve of magnetization. 
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analogous to Ohm^s Law for the electric 
circuit; this difference must however be 
noted, that the electrical resistance is ab- 
solutely independent of the strength of 
of the current, depending upon the ma- 
terial of the conductor, its temperature 
and its geometrical dimensions; while the 
magnetic resistance or reluctance of the 
magnetic circuit is dependent upon the 
magnetic intensity, being low for low 
intensities, increasing to a maximum and 
then decreasing and approaching unity 
when the magnetizing force is high. 
The analogy of Ohm's Law to magnetic 
circuits is only an artifice to facilitate in- 
vestigation. 

The above relation of the magnetic 
circuit may be written 

-, .. -r^. Magnetomotive Force 

Magnetic Flux = — ^-rri — i • 

° Keluctance 

(12) 

Names have been given to the magnetic 
terms analogous to the electric terms. 
One ampere turn is frequently used 
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the unit of M.M.F. Another unit called 
the gilbert^ is in use, one gilbert being 

equal to — (= 0.796) ampere turns, or 

one ampere turn is equal to 1.257 gilberts. 
The unit of reluctance is called the 
oersted, and is equal to the reluctance 
which is offered to the passage of magnetic 
flux, by a cubic centimeter of air when 
measured between parallel faces. The 
unit of magnetic flux is called the weher^ 
and is the amount of flux which would 
pass through a magnetic circuit whose 
reluctance is one oersted, when the 
M.M.F. acting is one gilbert. The law 
of the magnetic circuit can then be writ- 
ten 

' Webers = ^^ (13) 

Oersteds j - ^ ^ 

The magnetic density, i. e. the flux 
per unit area is called the ganss^ and is a 
density of one weber passing perpendicu- 
larly through an area of one square cen- 
timeter. 
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Substituting the value of H as given 
in (2) we have 

Also 

f^ MS 

or 

t , 

fJiS 

which may be called the fundamental law 
of the simple magnetic circuit. 

Transposing, NI = 0.795 F x —. (16) 

If inch measure is used, 

NI = 0.3132F x-^, (17) 

pis' ^ ^ 

the prime mark being added to denote 
inch measure. 
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When the magnetic circuit consists of 
several parts, such as cores, yoke, arma- 
ture and air gaps; or of parts with differ- 
ent cross-sectional areas and permeabili- 
ties, whose separate reluctances are x^j x^, 
0^3, etc. , the total reluctance of the circuit 

is 

X = ir, + ic, 4- a;, + . . . . . (18) 

The reluctance of a circuit is equal to 
the sum of the reluctances of the compo- 
nent parts, as in a series electrical circuit 
the total resistance is the sum of the sep- 
arate resistances. 

Let/ij, ;*„ ;*3, etc., Z„ Z„ l^, etc.,, 9,, s„ 
Sg etc. represent respectively the permea- 
bilities, lengths, and cross-sectional areas, 
of the several component parts of a mag- 
netic circuit, then 

X = -^ + J^ + Jb- + etc. (19) 
MiS^ /^A M,s, ^ ^ 

, ^ 1.257NI 
andF = -^^ ^- (20) 



MiS, M^S^ /*a«8 
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Transposing have 



NI = ^^'^' J^f^% ^^"^ '- (21> 






1.257 
that is 

NI=0.795F {-^- + -^ + -^ + ..1 

(22) 

when the dimensions of the circuit are 
expressed in centimeters. 

If the unit of measurement is the inch, 
the formula becomes 

NI=:0.3132F-i-^, + -^. + -^, + ..[ 

(23) 

What amounts to the same as is ex- 
pressed by formulae (22) or (23), is to 
apply (16) or (17) to each separate portion 
of the magnetic circuit and determine 
the ampere-turns required to maintain 
the flux F through that portion of the 
circuit. The sum of the ampere-turns 
thus determined gives the total ampere- 
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across from core to core, as indicated 
in Fig. 10. 

The leakage paths are in parallel with 
the useful path for lines of force through 
the cores and armature. The number 
of lines of force in each path varies in« 
versely as the reluctance and directly as 




Fig. 10. 



the magnetomotive force which is act- 
ing. The laws of parallel circuits can 
be applied to magnetic circuits, as they 
are applied to electric circuits, but the 
dimensions and conditions of the former 
are not as definite as in the case of the 
latter. 

The reluctance between surfaces of 
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netic reluctance in c.g.s units between 
unit lengths of two equal parallel cylin- 
ders surrounded by air and having va- 

.. h 



'lOUS 


values t 


u Liie 


a 






b 


X 


h 


X 


b 


X 


d 


per cm. 


d 


per cm. 


d 


per cm 


1.25 


0.19 


4.0 


0.655 


7.5 


0.86 


1.50 


0.30 


4.5 


0.67 


8.0 


0.88 


1.75 


0.337 


5.0 


0.73 


8.5 


0.90 


2.00 


0.42 


5.5 


0.76 


9.0 


0.92 


2.50 


0.50 


6.0 


0.79 


9.5 


0.94 


3.00 


0.556 


6.5 


0.815 


10.0 


0.96 


3.50 


0.61 


7.0 


0.84 







If the dimensions of the cylinders 
are given in inches, X per cm. must be 
divided by 2.54 to give X per inch. 
Hence, to find the reluctance between 

any two cylinders, find the value of -z 

from the dimensions, and take the proper 
value of X per cm. or inch, and divide 
by the length of the cylinder in cms. or 
inches. 

Consider an electromagnet in which 
the magnetizing coil is wound upon the 
keeper, or yoke, as in Fig. 11. 
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In this case the magnetomotive for, 
may be considered as acting between i|l 
leakage surfaces, and also across the &t ¥1 
gap between pole pieces and armature. 




Fig. 11. 

The following approximate relations hold. 
The total leakage lines are 

N, = ^ = MP, , 

where X, and P, are the reluctance and 
permeance of all the leakage lines in 
parallel. The useful lines are 

-^^ a — Y — *» 

where Xa and Pa refer to the circuit 
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force is gradually decreased from this 
maximum value to zero, it will be found 
that the resultant flux does not have the 
same value for corresponding values of 
H, in the increasing and decreasing se- 
ries of values of H ; being greater in the 
decreasing series. The magnetic flux in 
a piece of iron, or other magnetic mate- 
rial, depends upon the previous values of 
the M.M.F. as well as the present ones. 
The flux lags behind the magnetizing 
force, and this lagging is known as hys- 
teresis. 

When the iron is subjected to a com- 
plete cycle of changes of magnetizing 
forces, that is, from zero to a positive 
maximum, then back to zero, then to a 
negative maximum, and back to zero, 
and the relation between B and H is 
plotted, the flux lags behind the M.M.F., 
and produces a closed loop, as shown 
in Fig. 12. 

This loop is known as the hysteresis 
loop. The area enclosed by the hys- 
teresis loop is a measure of ^^the energy 
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iron used. The following table, ia 
from Wienert ** Dynamo Electric 
chines/* p. 311, gives the general 
tionship between induction and pen 
bility for several grades of iron. 
Tesults given are the average permea 
lies of a large number of tests of th( 
Tious grades. 
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primary circuit, so that the direction of 
current through the coil may be reversed. 
A secondary winding is connected to a 
ballistic galvanometer, through an ad- 
justable resistance, R. The magnetizing 

force is 

^ 1.25 NI 

When the primary circuit is made or 
broken, a deflection is produced in the 
ballistic galvanometer proportional to the 
magnetic flux through S ; i.e., B = kdy 
where d is the deflection. The constant, 
k, of the ballistic galvanometer has to 
be obtained by calibration. 

The advantages of this method are that 
it only requires a ring of iron, which 
may be cast from the desired lot or '* run " ; 
there is no finishing of the piece to ob- 
tain good joints; and the apparatus is 
much easier to set up and work than the 
yoke method. 

A cylindrical specimen may be used if 

the ratio of -r-. — ^-— is great, and the 
diameter ° 
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secondary is wound over a short portion 
of the bar. 

Tractive Method, — This method, also 
known as the " permeameter method," 
is described in many text-books. The 
general arrangement is shown in Fig. l^t. 



SPRING 
BALANCE 




Fig. 14. 



A is a rectangular block of soft iron, 
cut out to receive a magnetizing coil, C, 
within which is a thin brass tube. The 
test piece, B, is placed in the tube and 
makes contact with the block at D, which 
joint is very carefully surfaced. When 
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plied, for which see treatises on mag- 
netic properties of iron and testing. 

As will be noted later, the following 
relation exists between B, H, the cross- 
sectional area A, and the force required 
to detach the test piece. 

B = 157 /W ^ jj^ ^3^^ 

where W is in grammes, and A is in sq. 
cms.. 



or, B = 1317|/|. + ii, 



(31) 



where P is in^ pounds, and A, is in sq. 
inches. 

While this method is subject to several 
sources of error, it presents a method 
which is easy of application, and which 
will give results sufficiently accurate in 
magnet design. The joint, D, is in an 
unfavorable position, and Ewing has pro- 
posed that the joint should be in the 
middle of the core, or bar. 

Instead of using the above form of 



CHAPTER III. 

(a.) MATERIALS OF CONSTRUCTION. 

The materials which enter into the 
construction of an electromagnet are those 
of the core, the conductor, the insulation 
and the frame. 

Conductor material. — Copper is the 
only material which is commercially used 
as a conductor. It should bo soft and 
have a conductivity of at least 1)8 5^ of 
that of pure soft copper. The cross-soc- 
tion of the conductor is not necessarily 
circular ; in many cases wires of a square 
or rectangular cross-section are used, and 
tliese shapes may either be solid or made 
up of ribbons, and bound too:etlier. In 
cases where heavy currents are to be car- 
ried, a stranded conductor can often l)o 
advantageously used, on account of the 
greater facility with which it can be 
handled and wound. For equal dianio- 
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of a double cotton covering. For small 
work such as telephone, telegraj^h, bell 
or signal work, single cotton, and on the 
smaller sizes of wire single or double silk 
covering is used. If the winding is to be 
moisture proof it should be thoroughly 
soaked in shellac and dried, or it may be 
immersed in hot paraffine or beeswax. 
Stranded and rectangular windings are 
generally covered with a cotton tape and 
shellaced after winding. 

^ Layer insulation, — In small electro- 
magnets there is little need for insulation 
between the layers. Where high voltages 
are employed, oiled linen, vulcanized 
fibre, or mica should be used. If the 
core and heads of tlie electromagnet are 
of metal they should be covered with 
some good insulating paint, or the core 
covered with hard rubber or vulcanized 
fibre. Mica, vulcanized" fibre, oiled or 
paraffined paper, etc., should be placed 
between the frame heads and the winding. 
When a magnet is to be highly heated 
and there is danger of the insulation be- 
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Description. 



Circumference Relative 
for Unit Clrcumfer'ce 
Area. Circle = 1. 



Circle. 

Square. 

Rectangle 1:2 

Rectangle 1:8. 

Ellipse 1 : 2. 

Ellipse 1 : 3. 

Oval 1 sq. 2 semicircles. 

Oval 2 sq. 2 semicircles. 

2 circles, wire around ) 
both, as indicated by > 
dotted lines. ) 



3.545 


1.00 


4.000 


1.13 


4.243 


1.20 


4.620 


1.30 


3.87 


1.09 


4.35 


1.28 


3.85 


1.08 


4.28 


1.21 



4.10 



1.13 



From this table it is seen that the circle 
gives the most economical form of cross- 
section of core, as less copper is required 
per convolution of conductor. Circular 
cores are also of advantage, as leakage 
from core to core is, for equal mean-dis- 
tances apart, proportional to the surface 
of the core, and the circular core lias the 
minimum surface for equal areas. In 
circular cores all sharp edges are avoided 
and leakage is minimized. 
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(b) FORMULA FOR WINDING. 

Winding of electromagnets, — The 

amount of wire which can be wound 

upon a spool of given volume depends 

upon the care exercised in the winding 

to make it uniform, and upon the amount 

of insulation which is placed between the 

layers. If V represents the volume of 

the spool and Vj the volume of the wind- 

V 
ing, then V— V, , or =^, depends upon the 

method of winding. 



Fig. 15. 



Consider the square winding, or the 
layers superimposed as in Fig. 16, and no 
layer insulation. Then 



V 



area circle 



area circumscribed square 
= ^- = 0.7854. 
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In the above it is assumed that care is 
exercised in the winding and that all the 
layers are uniform. In the case of large 
magnets the layers can be kept regular 
and the calculated number of turns per 
layer easily obtained. In the case of 
magnets where the smaller sizes of wire 
are used, difficulty is experienced in mak- 
ing the layers uniform. Paper is insert- 
ed at intervals between the layers in 
order to make a smooth bed for the wind- 
ing. If care is not taken the winding 
may become lumpy and considerable vol- 
ume may thus be lost. Where small wire 
is used the wire volume on a spool may 
be much less than even the ^* square 
winding " would indicate, on account of 
the paper, irregularities of insulation, 
lumpiness, etc. 

Formulm for calcidation of whid- 
ings. — The following notiition, as applied 
to Fig. 17, is hereafter employed unless 
otherwise specified. 
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p — resistance in international ohms 

of mil- foot of pure copper wire, 

= 10.35 ohms at 20°C. (68°F.). 

R = total resistance of coil. 

r = resistance per foot of wire in ohms. 

f z= — =z feet of wire in one ohm. 

T 

Ija = mean length of convolution in 
inches. 

The square winding is to be understood 
unless otherwise specified. 

The total number of convolutions of 

wire of given size, filling a given coil 

space, is 

X- . nnn/^nn ^h 500000 l{a-h) 
^ = 1000000^, = jr^ ^ 

_ 500000 l{a - b) . . 

■" Wd' • ^ ^ 

The diameter of wire necessary to fill 
a given coil space with a given number 
of convolutions, is 



^ . /lOOOOOO Ih . /50000U I{a—b) 

D = V N = ^ K 

(33) 



•;•» 
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_ /lOOOOOOZA _^ /500000%<-/> 

(3 

The total length of wire of given diai 
eter which can be wound in a given c< 
space is 

^ __ 65450 Z(a' - ^'') .^ 

Li — p^ . (0 

From this formula the dimensions 
a spool to hold a specified length of wi 
of given diameter may be determined. 

If a and h are known, 

"" 65450 (a'' - h'Y ^ 

If S and I are known. 



^ /D^l7T654507^ ,^ 



65450 Z 
If a and Z are known, 



_ /65450ja''_-_D^ 



65450 Z 
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The resistance of a given length of 
copper wire is 

E = ^. (39) 

Substituting the value of L, as given in 
Eq. (35), and p = 10.35. 

Now (a' - by = — . 

Substituting and reducing, 

-, 862500 V .... 

If the volume of wire is increased ten 
per cent to allow for the layers fitting 
into one another, the above formula (41) 
becomes 

^ 948700 V .,^. 

Hence,- the diameter of wire necessary 
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Or, R' = R (1 + 0.0022 ^f) (45) 

where R is the resistance at 68°F., and 
Of the degree rise in temperature above 
68°F. 

Table IV in Appendix gives the tem- 
perature coefficient for copper wire at 
various temperatures. 

A formula known as Brough's Form- 
ula* is often applicable to the calculation 
of the diameter of wire necessary to give 
a stated resistance. The constant given 
for circular core differs from that given 
in Thompson's Electromagnet, p. 210, in 
that the diameter of the wire and thick- 
ness of insulation are taken in mils in- 
stead of in thousandths of an inch. 

For circular cores. From (40) 

_ C77400 (a' - b')l 
J) = d + 2t. 



* Journal Society Telegraph Engineera. Vol. V., p. 256. 
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Solving 



-w 



6 77400 (a' - b'')l 
R 



+ f 



For square cores, as in Fig. If 
(41), 

T 



* '■^ --11 



i 



Fig. 18. 



_ 862500%;;^-^ 



For rectangular cores, as in Fij 
, B -. 



7 



"i 



V b . 



■t r/'^ii'i^i 



^^^^- ^ - ^- -'^ .  . 



Fig. 19. 
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o 431250(A-ff) (A + B + a + 5) .,„, 
& =- pF^^-^i . (*6) 



.•. d = 



r / 431250 (A-«) (A + B + « + &) ^,-|i 



-<. 



(47) 



For core made up of square and two 
semicircles, as in Fig. 20, 




Fig. 20. 



862500 (B-S)[>r(B4^)+2«] 
K D' X d' • ^*^' 



d = 



r / 8(i2500(H-/>)[;r(B + /y) + 2rt] ^ ^,-|i 

(4'J) 



-<. 
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To keep the number of ampere-turns 
constant in a coil of given volume, cr (or 
the area) of the wire must vary inversely 
as E. 

Given the ampere-tur7is to find the 
diameter of wire, — From (50), 

,, _ 0.8625 (NI) (1 + 0.004 (9e)?n. ,.-,. 
a — g . (ol) 

If the potential across the terminals of 
the coil is known, an approximate value 
of d can be determined from an approx- 
imate value of Zm ; then d and Zni may be 
adjusted to bring them within the re- 
quired limits. 

Instead of finding the diameter of the 
wire it is often more convenient having 

Given the ampere-turns to find the feet 
per ohm. — From (50), 

(P _ (NI)L(l + 0.004 ^e) 
p "■ 12E ' 

^ Lp(l + 0.004 6',) 
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In the case of a shunt coil, the maxi- 
mum safe voltage is 



E = 0.7|/S,R. (58) 

The energy loss being fixed by the tem- 
perature increase, the working resistance 
of the magnet winding can.be obtained 
by means of Ohm's law. 

E = ^ = p — = pT, (59) 
E E'* E" 

'' ^ = T = E-^ = W (^«) 

The first relation applies to the case of 
constant current working, while the sec- 
ond applies to constant potential working. 

Permissible amperage and permissi- 
hie depth of winding. — The following 
formulae give the permissible amperage 
for coils of stated dimensions. 

Watts = I'R. 

w = watts per square inch of cylin- 
drical surface. 
A = area in square inches. 



II { SI 

r I -B 

n w 

1 1 ta 
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iisedy or inversely as the cross-sectional 
area of the wire used. 
From the above relation 

d'~ B' 
Hence by substitution, 

^~ d' " B' - ^^ » 

where c is a constant for fixed vohime. 
It follows directly that the resistance of a 
coil varies directly as the square of the 
mimher of turns. 

The magnetic effect produced hy an 
electromagnet of given size^ shape and 
construction is proportional to the jjro- 
duct of the current into the square root of 
the resistance of the coil; i.e., magnetic 

effect or ampere turns varies as 1 1^ E. 
Ampere-turns equals XI and as E varies 

as N% N varies as Vl^> and hence XI 

varies as I VlT 



If a given coil is wound to a resistance 
R with a wire of diameter d, what diam- 
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eter of wire shall be used to rewind to a 
resistance Ej ? 

1 A 

R varies as -77, i.e., R = -^-j ; 

for same volume, Rj = -ri , 



therefore, ^ — ^ ^ , 



1 



or, d,*=^d\ (65) 



R 



1 



If two coils of the same dimensions 
are wound with different sized wire, the 
current must vary with the cross-sec- 
tional area of the wire, tliat is, current 
density must be the same in each, in orde' 
to obtain the same heating effect c 
the same temperature rise. 

For R = 44. 

a 

W T 

Heat loss = PR = ^ = A, -^V 

a area 

= A. (density)'*- 
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Hence, for same energy loss the density 
must be a constant. 

Also, 

„ ,, E'' Wd* EVarea)' 

Heat loss=^pr = — i — = — H — —» 
R A Aj 

Hence, for same energy loss, E^ must 

vary inversely as the area'* , or for same 
heating effect, the voltage across termi- 
nals of coil must vary inversely as the, 
cross-sectional area of the wire used. 

Relation of resistance of magnet tvind- 
ing to resistance of external circuit. — 
An electromagnet is connected to a cir- 
cuit at the further end of which an 
E.M.F. is applied; what is the best re- 
sistance to give the electromagnet m 
order to get the maximum magnetic 
effect ? 

Let B represent the battery resistance, 
and R the resistance of the electromag- 
net, and Ro the resistance of the rest of 
the circuit. The resultant current is 

1= ^ 



(B + 1{„) + if 



I 
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the above solution applies to a permanent 
state of current, it does not apply to a 
variable state of current in general, nota- 
bly that in the case of rapid telegraphy.* 
While not following the above deduc- 
tion absolutely in practice, the guiding 
factor is that, if working through a low 
resistance line, a low resistance battery 
and magnet coil should be used ; while 
if working through a high resistance line, 
A high resistance coil must be used in 
connection with a battery of high E.M.F, 

• DIflCiWBion of Ayrton «fc Whitehead's Paper by Prof, 
Hnghes. 
Vaichy, " Electricity et Magnetismef " Tome IL p. 32. 
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Electromagnets may be broadly di- 
vided into tractive or portative magnets 
and attractive magnets according to their 
function. 

TRACTIVE ELECTROMAGNETS. 

It may be shown that the force which 
exists between the pole of an electro- 
magnet and the face of the armature or 
keeper is 

P (dynes) = ^^, (67) 

where B = induction per sq. cm. 

A = area of contact surfaces in 

cm^ 

One gramme being equivalent to 981 
dynes, approx., (67), reduces to 

P (grammes) = g^^ = ^. (G8) 

or, 

P (kilogrammes) = ^^^^- m 

5 , approximately. 



(o(MM)) 
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Substituting in. (71) and rearranging, 

^'~ 72134000 P,' ^'^^^ 

which is the relation between area, weight 
to be supported, and total induction. 

Also j^_1^}^^00P, 

From (71), B,' = 72134000 ^'. 
B,= 84934/^' 



= 8493 | / P^" i" PO""dB 

^ Area in sq. inches ^ ^ 

which gives th^ induction per square inch 
that is necessary to support a given weight 
over a given area. 
Also, 

B = 1317 / P""i"l>'oj^i: . (.^^ 
^ Area in sq. inches 



T» ir^n^ a/ 1^"11 ^^ kilos ,^^v 

B = 4966 i/ -T ; . — I — . (75) 

' A rf^si in an inohna ^ ' 



Area in sq. inches 
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B= 157 /pOu^^^^ 

^ Area in sq. cms. ^ 

Equations (30) and (31) differ from 
the above (76) and (74) by the addition 
(;f the term H on the right-hand side 
of the equation. The reason for this is, 
that in the method described on p. 57, 
the core is moved while the coil is fixed, 
and hence the pull is that due to B — H 
lines of force. 

By means of equations (68) and (71) 
the following table has been calculated. 
(See S. P. Thompson, ''The Electro- 
magnet," p. 119.) 
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tractive force, the maximum effect is 
produced by the suction of a core into a 
solenoid. The field of a solenoid is sen- 
sibly uniform in the region of the center 
and decreases towards the ends wliere it 
is weakest owing to the demagnetizing 
effect of the ends. The magnetic field 
of a solenoid is not perfectly uniform. 
The magnetic field produced by the in- 
duced poles react and have a demagnet- 
izing action as indicated in Fig. 21. 




>M- 



»»- 




Fig. 21. 

The direction of the lines of force pro- 
duced by the solenoid are indicated by 
the feathered arrows, and the plain arrows 
indicate the direction of the lines of force 
produced by the induced poles, which ra- 
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as the repulsive action of the pole induced 
at the further end. of the core plays an 
important part. In this case the result- 
ant attraction is a maximum when the 
end reaches the center of the solenoid, 
then diminishing and becoming zero 
when the core is symmetrically placed in 
the solenoid. 

The attraction on the core is somewhat 
more uniform when the entering end of 
the core is cone-shaped. The maximum 
attraction is reached when the apex of 
the core has emerged some distance out 
of the coil, but is not as great for the 
cone-shaped core as for the cylindrical 
core. By giving the core more compli- 
cated forms, the attraction can be made 
more uniform over a longer rangCg but 
with a smaller value than with the cylin- 
drical core. 

The suction effect can bo much in- 
creased by using an iron-clad solenoid, 
as shown in Fig. 22. 

The field at the interior of the solenoid 
is greatly increased, and the pull is made 
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cuit,and the other circuit in shunt with it. 
In this case when the carbons are in con- 
tact the series coil becomes energized and 
lifts the upper carbon, thus causing some 
current to flow through the shunt coil, 
and the extent of separation of the car- 



+ 




Fig. 25. 

bons is dependent upon the relative pull 
of the series and shunt coils. 

A form of magnet which has an exten- 
sive range and a powerful pull over a largo 
part of that range, combines the con- 
struction of both the core electromagnet 
and the coil and plunger electromagnet. 



Two fortuB are shown in the Figures 26 
and -17. 



117 

DESIGN OF TRACTIVE ELECTRO- 
MAGNETS.* 

An electromagnet performs work when 
a loaded armature, placed at a given dis- 
tance from its poles, is attracted and 
drawn up to the poles. Work done by an 
electromagnet may be defined as the pro- 
duct of the initial pull exerted upon the 
armature and the travel of the armature. 
It may be shown that this product is a 
maximum when the armature is placed 
at such a distance from the poles that the 
ratio of the rate of change of the mag- 
netic flux in the iron to the rate of change 
of the magnetizing force producing it is 
equal to the permeance of the working 
air-gaps. 

Let M be the m.m.f. acting on all tlie 
circuit except the working air-gap. 

* W. E. Gol(lslK)rough, Elec. World, Vol. XXXVI. 
p. 185, July 2«, VM)0. The following pagc'^5 (117-1'Jl) arc- 
taken alnioHt literally from this article. For further de 
tails, reference nhoiild Ihj made to thin artirK-. Further t*ee 
E. liCarlchoflr, Elec. Worl«l, Vol. XXII1.|). 113 and p.JJlti 
18M. C. T. Uutchinsou, Elec. World, Vol. XXIII, p. JiW, 
1894. 



1 



119 



The curve OSJ is plotted from the 
values of the total flux and the corre- 
sponding values of the m.m.f. (M) im- 
pressed upon all of the magnetic circuit 
outside of the working air-gap. The 
curve KTI is plotted from the values of 




Fig. SJ8. 

the total flux in the working air-gap and 
the corresponding values of the m.m.f. 
(M*) required to force this flux across the 
working air-gap. Since M + M* is a 
constant the sum of the abscissae of tlie 
two curves, taken for successive values of 
F, will give the straight line K J. 
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one another, and have the same ordinate 
values. 

When the armature is upon its seat, i. e. 
makes contact with the pole pieces, the 
points S and T will be at J and I re- 
spectively, and the magnet will be exerting 
its maximum grip upon the plunger or 
armature. Under these conditions the 
magnet is capable of sustaining a large 
weight, and essentially presents all the 
features of the ordinary portative electro- 
magnet. 

When the armature is removed to a 
great distance, the points S and T ap- 
proach the positions and K, respectively, 
but owing to the fact that the mean den- 
sity in the working air-gap can never be 
/educed to zero, they will stop short of 
the limits, in some position where but a 
feeble pull is exerted upon the armature. 
The action of the magnet upon its arma- 
ture for points on the curves below the 
points S and T, as sliown, is analogous 
to the action of an iron-clad nolenoid u])on 
its plunger, especially when the electro- 
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of the pole face should be small, about 
1.5 m.m.(*) 

POLARIZED MECHANISMS. 

A form of mechanism in which a per- 
manent magnet is used in addition to an 
electromagnet has extensive application^ 
in practice, and is known as a polarized 
mechanism. Such mechanisms are used 
in telegraphy, as the polarized relay ; in 
telephony, as the polarized bell and tele- 
phone receiver; and in many forms of 
signaling apparatus. This form of mech- 
anism possesses several marked properties 
as follows. 

First, Bilateral Action, — In the or- 
dinary electromagnet, the armature is 
attracted whatever the direction of the 
current around the core. If the armature 
is a permanent, or an induced magnet, 
the armature is either attracted or re- 
pelled according to the direction of cnr- 

(1) For further details see DuBuis, loc. cit., p. 258. 
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direction of current, rererses the attrao- 
tioa and repnlsion. If the itriiintiire in 
either case carries a hammer it iiiuv bi' 
arranged to vibrate agaiust a hell. 

The armature in place of boiiifr jxihir- 
ized, may be of soft iron, while tho cort's 
are polarized. Then one end of tlu' ar- 



matnre is attractetl on account of the t'x- 
cesa puU which one core possi'HsvM ovit 
the other, when the coila aro onerRi/cil. 
Reversing the ilii-octioii of <'-urrent, rc- 
verseij the armiitnre attrai^tion. In imsc 
of a single pularizeil coro, as iiiati'ie|iliiitii' 
receiver, theannatiiru liatjaziT" |josili"ti. 
or one of rest, and either ajipn'm^ln'' "r 
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In any magnetic circuit, where I is in 
amperes, 

F = l^- (85) 

Therefore 

L = j^^- henrys. (8(3) 

The inductance varies directly as the 
square of the number of turns in the 
winding and directly as the })ermoability 
of the magnetic circuit. As tlio perme- 
ability varies with the magnetizing cur- 
rent it is impossible to calculate exactly 
the value of L from the dimensions of the 
circuit. If the working value of I is 
known, a value of // may be a])proximated, 
and comparative values of L may ho thus 
obtained. For exact work L must bo 
measured under working conditions. 

When a circuit containing inductance 
is closed the current does not instantly 
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the current rises to 0.63 times its maxi- 
mum, or Ohm's hiw value. 

The time-constant may be reduced by 
decreasing L, or increasing E, or both. 
In a coil of given volume, the inductance 
and resistance are both proportional to 
the square of the number of turns, so that 
the time-constant of a given coil is not 
changed by rewinding it. In considering 
a special problem the time-constant of the 
circuit as a whole must be considered. 

The time-constant of a circuit may be 
changed by placing the coils of an electro- 
magnet in parallel instead of in series. 
Consider the case of a 150 ohm Morse 
relay connected at the end of an overhead 
line 200 miles long. The inductance of 
a single copper wire 0.104" in diameter, 
suspended 20 ft. above the ground is about 
2.5 milhenrys per mile, and the resistance 
about 5. 1 ohms per mile. The resistance 
of the Morse relay is about 150 ohms, and 
it has a working inductance of about 4 

henrys. The time-constant, i.e. t^, for 



n 
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the circuit. The quantity plj is called 
the reactance. Hence,' 



Impedance'' = Kesistance' H- Reactance^ 

(92) 

In alternating current work it is neces- 
sary to know the inductance of the circuit, 
and this may be obtained by direct 
measurement, or, in the case of a closed 
magnetic circuit by the formula 

where A is the cross-sectional area of the 
core in sq. cms., and I is the mean j^eri- 
meter of the core in cms. 

Ili/sterefiiif Loiii<. — It has been stated on 
page 42 that when the magnetic s^tate is 
passing througli a cycle of ehaii^M*s, euer^^y 
is lost, due to hvsten^sis. 'rins lost ener''-v 
manifests itself in the form of heat. l*'or 
alternate current work this loss of ener''-v 
may be large, and undue heatiii^^ of tiu' 
core may result, 'i'ho energy losi in 
hysteresis is given by the relation 
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upon the shape of the metal and its degree 
of subdivision. 

Power lost in eddy currents = 
Vol. in cu. cms. 



10' 



f'^KB' (95) 



where E is the coefficient of eddy currents, 
and depends upon the material and shape 
of the parts of the magnetic circuit. 

If the magnetic core . is made up of 
laminated or sheet iron 

Power lost (watts) = 1.645 d'f'B' x 10"" 

(96)^ 

per unit volume, where d is the thickness 
of the iron sheet in cms. 

If the magnetic core is made up of iron 
wire, 

Power lost (watts) = 0.617 d.'f'B' x 10^' 

(97)' 

per unit volume, where d^ is the diameter 
of the wire in cms. 

(1) StC'inm(az. "Alternating Current Phenomena." M 
ed. pp. 133, 135. 
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mature will vibrate with a frequency 
double that of the current. As the cur- 
rent frequency increases the vibrations of 
the armature will be less manifest, and it 
will chatter against its stop, and finally, 
for higher frequencies the armature will 
be attracted without any chattering. The 
point at which the vibration and chat- 
teriiig cease depends largely upon the 
inertia of the armature. 

The polarized type of electromagnet 
can be made to respond to a very small 
alternating current when the armature is 
placed in a biased position. 
. When current flows in two parallel 
conductors in the same direction there is 
an attraction between the two conductors, 
and a repulsion if the currents are flow- 
ing in opposite directions. 

Consider two conductors conveying al- 
ternating currents which are in phase 
with one another, as indicated by Fig. 33. 

There is a varying attraction l)etween 
the conductors, which has maximum 
values at h and d. When the current 



\ 



143 




Fig. 34. 




Fig. 85. 
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erty of the repulsion of discs or masses of 
metal may be made use of in electro- 
magnets where repulsion of the armature 
is desired. 

The disc should be made of copper, so 
that its resistance will be low, and the 
eddy currents as large as possible 



APPENDIX. 
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I. — Tables giving Relations between 

U. S. AND Metric Systems. 

1 Meter = 89.87 Inches. 





LONO Mbasure. 


No. 


64th of an 


Millimeters 


Inches 


Centime- 


1 


Inch to 


to64to 


to 


ters to 




Millimeters. 


of an Inch. 


Centimeters. 


Inches. 


1 
1 


0.397 


2.520 


2.54 


0.394 


2 


0.794 


5.039 


5.08 


0.787 


3 


1.191 


7.559 


7.62 


1.181 


4 


1.587 


10.079 


10.16 


1.575 


5 


1.984 


12.598 


12.70 


1.968 


6 


2.381 


15.118 


15.24 


2.362 


1 


2.778 


17.638 


17.78 


2.756 


8 


3.175 


20.157 


20.32 


3.150 


9 


3.572 


22.677 


22.86 


3.543 




Square ] 


VIeapuue. 


1 

Cubic Mi 


SASURE, 


No. 


Sq. Inches 

to Square 

CentiiuotorH 


] Square 
Ceutiinctx-'rs 
to Snuarc 
Inches. 

0.155 


Cubic Inches 

to Cubic 
Centimeters. 


Cubic Ccn- 
meters to 
Cubic 
Inches. 


1 


0.452 


16.393 


0.061 


2 


12.903 


0.310 


32.787 


0.122 


8 


19.355 


0.465 


49.180 


0.183 


4 


25.806 


0.620 


65.574 


0.244 


5 


32.258 


0.775 


81.947 


0.305 


6 


38.710 


0.930 


98.361 


0.366 


7 


45. 161 


1.085 


114.75 


0.427 


8 


51.613 


1.240 


131.15 


0.488 


9 


58.065 


1.895 


147.54 


0.549 
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IV. — Temperature Coefficients. 



Temperaturb 


Temperature Coefficient 


Degrees. 


OF Resistance. 


Centigrade. 


Fahrenheit. 
32 


O^C. = 32° F. 
as Standard. 


20" C. = 68° F. 
as Standard. 





1.0000 




5 


41 


1.0195 




10 


50 


1.0393 




15 


59 


1.0594 




20 


68 


1.0797 


1.0000 


25 


77 


1.1003 


1.0191 


30 


86 


1.1210 


1.0383 


85 


95 


1.1422 


1.0579 


40 


104 


1 1633 


1.0774 


45 


113 


1.1848 


1.0973 


50 


122 


1.2063 


1.1172 


55 


131 


1.2282 


1.1375 


60 


140 


1.2500 


1.1577 


65 


149 


1.2716 


1.1777 


70 


158 


1.2933 


1.1978 


80 


176 


1.3368 


1.2324 


90 


194 


1.3800 


1.2781 


100 


212 


1.4223 


1.3173 
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